A passivity-based controller, which takes into account saturation of the magnetic material in the main flux path of the induction motor, is developed to provide close tracking of time-varying speed and flux trajectories in the high magnetic saturation regions. The proposed passivity-based controller is experimentally verified. Also, a comparison between the controllers based on the saturated and nonsaturated magnetics is presented to demonstrate the benefit of the controller based on the saturated magnetics.
I. INTRODUCTION
In [1] , following the work in [2, 3, 4] , a passivity-based controller for an induction motor was developed, and also experimentally verified, to provide close tracking of time-varying speed, position and flux trajectories under the assumption of linear (nonsaturated) magnetics. In this paper, the results in [1] are extended to incorporate the magnetic saturation effects.
Heinemann et al. [5] have developed a field-oriented controller based on the saturated magnetic model of the induction motor. An input-output linearization controller, w hich takes the saturation effects into account, was implemented in [6] .
In [5, 6] , the saturation is assumed to be entirely in the main flux path of the induction motor. That is, the change in the mutual inductance due to the saturation in the magnetic material is considered and the changes in the stator and rotor leakage factors are neglected. In this work, the same approach is used to incorporate the magnetic saturation effects into the passivity-based control of induction motor.
II. INCORPORATION of MAGNETIC SATURATION EFFECTS into PASSIVITY-BASED CONTROLLER
In the current-command passivity-based control of induction motors and under the assumption of linear magnetics, the asymptotic stability of speed/position tracking errors are achieved by making the flux error dynamics given by (1) exponentially stable at the origin (see [1] ). 
In [1] , it is shown that this can be achieved by making the right hand side of (1) equal to zero; that is, by defining the reference stator current vector and the slip frequency as [1] 
and
The inductances M and L r in (1) will not bet at their nominal values when saturation occurs. As a result, the controller (2), which is based on the nominal inductance values, does not guarantee the exponential tracking of the flux error. Taking this into account, and also using the approach in [5, 6] , we can then rearrange (2) as Note here that this is an ad hoc modification to the passivity-based controller based on the linear magnetics [1] [2] [3] [4] [7] [8] and the following section shows that it improves the performance significantly when the motor is operated in the high magnetic saturation regions.
III. EXPERIMENTAL RESULTS
The passivity-based controller (4) was tested on the same experimental setup as in [6] . The experimental setup consisted of (i) a 3-phase, 6-pole, 1-Hp, squirrel cage induction motor, (ii) a Motorola DSP96002
(floating point processor) ADS system, (iii) a data acquisition board, and (iv) three 20 kHz PWM amplifiers [6] . Fig. 1 shows the magnetization curve of the induction motor, which was experimentally determined in [6] . 
where δ ω lopt ( ) * is the solution to the linear magnetics optimal torque problem [9] . Figure 3(a)-(b) show the results. From these figures, it is seen that large speed and flux tracking errors occur. In brief, the controller based on the linear magnetics was not able to provide close tracking of the same mechanical trajectory.
In the passivity-based control of induction motors, the speed tracking can only be guaranteed if the flux tracking is achieved. Otherwise, large flux tracking errors act as disturbance input on the system, causing large speed tracking errors.
Another consideration is that the magnetic saturation effects are incorporated assuming that the magnetic saturation curve is a single-valued function. Furthermore, the modified controller is based on the nominal value of the rotor resistance. It is clear that the rotor resistance might vary from its nominal value significantly with a considerable impact on the system performance. Taking this into account, Chang et al. [10] proposed, and also experimentally validated, tuning rules for the PI feedback gains to achieve good tracking performance under a wide range of variations of the motor parameters.
IV. CONCLUSIONS 
